This paper presents an experimental investigation on the response of reinforced concrete (RC) beams with the use of ultra-high toughness cementitious composite (UHTCC) in the tension zone. Two parameters, the longitudinal reinforcement ratio and the depth of UHTCC layer, were varied. The failure mechanism, flexural behavior, interface performance, and cracking pattern were compared between RC and RC/UHTCC beams as well as between RC/UHTCC beams with different depths of the UHTCC layer. The experimental results revealed that the yielding load was improved apparently for beams with a reinforcement ratio of 0.67%, and the macro wide cracks in concrete turned into multiple tight cracks in the UHTCC layer depending on the prominent crack dispersion capacity of the UHTCC. However, RC/UHTCC beams with 1.0% and 1.73% reinforcement ratios showed shear-interface debonding failure prior to the yielding of reinforcement, and the failure resulted from the accumulated interface crack extension up to the support and the crush of concrete. Moreover, the theoretical analysis indicates that the interface cracking strength and ultimate interface bonding strength are related with the reinforcement ratio and UHTCC depth. The tensile stress difference of reinforcement in the UHTCC layer plays a controlling role in the interface debonding between concrete and UHTCC. The present study provides significant insights for the engineering application of hot-casting RC/UHTCC composite beam.
Introduction
In general, the cracking of reinforced concrete (RC) structural members is allowable under service condition due to the brittleness of concrete, and such cracking provides a transfer path for the corrosion medium. A number of aged RC structures have been evaluated to be below either the serviceable level or structural safety level, and thus the repair and strengthening of RC structures are needed for improving the durability and load carrying capacity (ACI 1982; Arya et al. 2002) . Generally, the traditional method used is section replacement (Kim et al. 2007) , mainly including removal and replacement of old concrete with new concrete, shotcrete, ferrocement, increase in area of reinforcement, and attachment of steel plate. In recent years, the use of fiber-reinforced polymer (FRP) in structure strengthening as an advanced retrofit technology has been investigated extensively (Seible et al. 1997; Täljsten 2003) .
Compared to the traditional methods, FRP repair technology presents many advantages, such as fast and convenient application, high corrosion resistance, high strength and low weight. However, the organic resin used as bond material between FRP and substrate may be softened when subjected to temperatures above 82°C (Wu et al. 2010) . Moreover, the strengthening effect of FRP is discounted due to interface debonding between FRP and concrete substrate (Pham and Al-Mahaidi 2004) .
Fiber reinforced cementitious composite (FRCC) is also used as a competitive retrofit material. It is noted that FRCC can be clarified as two types, respectively characterized by tensile strain softening behavior and tensile strain hardening behavior (Naaman and Reinhardt 2006) . The crack width of an RC member repaired by FRCC with tensile strain softening behavior cannot be controlled effectively although the tensile property has been improved apparently. FRCC with tensile strain hardening behavior is one kind of high performance fiber reinforced cementitious composite. This type of material has been developed since the 1980s, from slurry-infiltrated fiber concrete (SIFCON) (Naaman and Homrich 1989) reinforced by steel fiber to engineered cementitious composite (ECC) (Li and Leung 1992) reinforced by synthetic fiber (PE and PVA fiber etc.). ECC which was developed first by Li and colleagues (Li and Leung 1992; Li et al. 2001) , has prominent tensile deformation capability, crack control capacity and high durability (van Zijl and Wittmann 2011) , with the ultimate tensile strain above 3% and the crack width below 0.1 mm at the ultimate tensile state (Li et al. 2001; ). ECC was also termed as ultra-high toughness cementitious composite (UHTCC) from the perspective of toughness capacity (Xu and Li 2008) . Based on the above, UHTCC is advantageous as a retrofit material for both durability and deformation improvements.
A large number of experimental studies have been carried out to understand the durability enhancement and strengthening of RC members repaired by UHTCC. The studies conducted by Kobayashi et al. (2010 Kobayashi et al. ( , 2013 indicated that the patch repair of RC members with UHTCC or sprayed UHTCC, covering the steel bar fully, suppressed the penetration of chloride ion and prevented the corrosion of reinforcement effectively. Besides, the flexural capacity can be recovered with a certain depth of UHTCC in the tension zone for RC beams with 10% of reinforcement corrosion. The study conducted by Xu and Wang (2011) indicated that compared with repaired RC slabs using concrete, RC slabs retrofitted by UHTCC have higher load carrying capacity and deformation property, as well as a fine multiple cracking pattern. The experimental study by Esmaeeli et al. (2013) showed that masonry beams with the use of UHTCC layer in the tension zone showed higher bending strength and deflection than those strengthened by steel fiber reinforced self-compacting concrete. It is noted that the interface bond between UHTCC and substrate is a major factor for the strengthening effect of UHTCC. The investigation by Kim et al. (2007) reported that RC beams using twice the cover thickness of UHTCC in the tension zone presented interface debonding failure even if the transverse stirrup ratio of 0.89% was provided, and thus no improvement of shear capacity was obtained.
The studies above aimed at the retrofit of old structural members. However, for newly constructed structural members, if UHTCC with tensile strain-hardening property is cast before the initial setting of concrete, a practice called "hot-casting", then RC/UHTCC composite beam may serve well. It is expected that this hot-casting RC/UHTCC member has superior mechanical and interface properties compared with old structural members repaired by post-casting UHTCC. Experimental studies on the flexural behaviors of RC/UHTCC composite beams (Maalej and Li 1995; ) indicated that the flexural cracks in the concrete layer were dispersed as multiple cracks in the UHTCC layer, and the crack width was controlled in the range of 0.1 mm up to yielding of longitudinal reinforcement. Moreover, the load carrying capacity, flexural deformation and ductility were enhanced apparently compared to the reference RC beam. In these studies, the interface between UHTCC and concrete presented a fine bond, possibly due to either a dense stirrup arrangement or a large shear-span ratio so that the shear stress was not sufficiently high to result in interface cracking and debonding.
However, the interface bond is always of major significance for the structural performance of RC/UHTCC composite members. This paper presents an experimental study on the flexural behavior of hot-casting RC/UHTCC beams under a concentrated load at mid-span. Further, the interface behavior between UHTCC and concrete is analyzed and discussed in detail.
Experimental program

Experimental materials
The concrete mix proportion by weight used was cement:coarse:aggregate:sand:water = 1:1.483:2.755:0.535. Ordinary Portland cement was utilized. The maximum diameters of sand and coarse aggregate were 5 mm and 20 mm, respectively. UHTCC was composed of cement, fine sand, fly ash, water, superplasticizer and PVA fiber. The synthetic PVA fiber was 12 mm in length, 0.04 mm in diameter, 300 in ratio of length to diameter, 1600 MPa in tensile strength and 40 GPa in elastic modulus. Deformed rebar with diameter of 12 mm and 14 mm was used for the reinforcement of beams. The yielding and ultimate tensile strength of the steel bar were measured through the uniaxial tension test. The mechanical properties of the concrete, UHTCC and rebar are summarized in Table 1 . 
Test specimen and its fabrication
A total of 9 beams were cast in the present test. All the beams had the same depth of 180 mm and cover thickness of 25 mm. No web reinforcement was provided in any of the beams. The varied parameters were the reinforcement ratio and depth of UHTCC layer in the tension zone. The reinforcement ratio ρ was designed as 0.67%, 1.00% and 1.73%, and the UHTCC depth was 0 mm, 1.8 times cover thickness (45 mm) and 3.6 times cover thickness (90 mm). The width of the beams with reinforcement ratio of 0.67% and 1.73% was 120 mm, whereas the beams with 1.00% reinforcement ratio had a width of 100 mm to obtain the target reinforcement ratio. In order of increasing reinforcement ratio, the beams were labeled with the letters A, B and C. The beams with different depths of UHTCC were further denoted by number, 0, 1.8 and 3.6, in order of increasing UHTCC depth. Further, UHTCC was indicated by the letter U. For example, a beam with reinforcement ratio of 0.67% and UHTCC of 3.6 times cover depth was named A-U3.6. Figure 1 illustrates the detailed configuration of the beams. Hot-casting, which means that UHTCC was cast before the initial setting of concrete, was used during casting. All the beams were cast in two steps in a plywood mold. After the lower layer of concrete was cast up to the target depth, the upper part of the beam was filled with UHTCC. In addition, a set of companion 100 mm concrete cubes and another set of 70.7 mm UHTCC cubes were made to obtain the compressive strength. Further, a set of thin plates measuring 350 mm × 50 mm × 15 mm was cast to measure the tensile behavior of UHTCC. The uniaxial tension test of UHTCC was performed under the displacement control loading mode with 0.1 mm/min on an electro-hydraulic servo universal testing machine. Figure 2 shows the tested tensile stress-strain curves of UHTCC.
The beams and companion specimens were covered with polythene film after casting to decrease the loss of water. All of the test members were cured outdoors by covering them with a grass curtain and watering it 2 to 3 times every day to maintain the specimen wet. The material properties are listed in Table 1 . Note that the tested compressive strength (f cu,100 ) of concrete has been converted to stand cubic compressive strength by f cu =0.95f cu,100 (Cheng et al. 2008 ).
Test set-up and apparatus
All the beams were simply supported at a clear span of 900 mm. The beams were subjected to a concentrated load at mid-span on a 5000 kN test machine. The load was applied by load control at a load increment of 3 to 7 kN. One pair of linear variable difference transformers (LVDTs) was used to measure the deflection at mid-span, and another pair of LVDTs provided at two supports was utilized to obtain the support settlement. The net deflection of beams was taken as the difference of displacement at mid-span and at the supports. In addition, a steel plate 50 mm in width was placed under the loading point to avoid local compression crush. The detailed test set-up is shown in Fig. 3 . Fig. 1 Details of beams. Fig. 2 Uniaxial tensile stress-strain curves of UHTCC. An electric resistance strain gauge with a length of 2 mm was attached to the surface of the steel bar at mid-span to measure the strain development during loading. The details of the strain gauge setup are shown in Fig. 1. 3 Results and discussion 3.1 Failure mode Four failure modes were observed in the current tests, including flexure failure (beams A-U0 and A-U1.8), flexure-shear failure (beams B-U0 and A-U3.6), shear-interface debonding failure (beams B-U1.8, B-U3.6, C-U1.8 and C-U3.6), and diagonal tension shear failure (beam C-U0).
( )
The failure mechanisms differed from each other. The flexure failure (F) presented the crush of the compression zone after the yielding of longitudinal reinforcement. For the flexure-shear failure (F-S), the final failure resulted from the principal diagonal crack although the apparent yielding of longitudinal reinforcement was observed prior to the failure. When the flexural deformation developed up to a certain point, the flexural cracks remained largely stable, whereas the shear cracks propagated rapidly towards the loading point. The final failure took place when the compression zone could not carry the compressive stress under combined flexure and shear action. For the shear-interface debonding failure (S-D), the apparent development of flexure-shear diagonal crack in the concrete layer resulted in interface cracking between UHTCC and concrete. Afterwards, the interface crack gradually extended to the support, and in the meantime the flexural shear diagonal crack further widened and propagated towards the loading point. The final failure resulted from interface cracking up to the support and the crush of concrete in the compression zone under the loading point. For the diagonal tension shear failure (DT), once the shear cracking occurred, the beam was divided into two parts. In these four failure modes, the flexure failure showed fine ductile behavior, and limited ductility was shown due to the propagation of the principal diagonal crack for flexure-shear failure, whereas the last two modes showed typical brittle behavior without yielding of longitudinal reinforcement. Figure 4 shows the load-deflection curves of tested beams. As shown in Fig. 4(a) , the flexural yielding and deflection hardening stage were presented for the A series beams. A load drop was observed in the yielding deformation stage for these beams, but the mechanism behind this phenomenon differed from each other. For beam A-U0 failing in flexure, the second flexural principal crack began to propagate synchronously along with the first one at the first peak load, which resulted in a slow load drop of 2 kN. For RC/UHTCC composite beam A-U1.8, the load dropped mainly due to the locally propagated flexural principal crack in the UHTCC layer.
Load-deflection behavior
When the principal flexural crack in UHTCC and concrete layers ran through, the UHTCC layer lost the capacity to carry tensile stress and the load declined from 43.98 kN to 39.84 kN. For beam A-U3.6 failing in flexure-shear, the locally propagated flexural cracks, similar to that for beam A-U1.8, resulted in initial drop of load. In the meanwhile, however, local interface debonding between concrete and UHTCC occurred, which was driven by the flexural-shear diagonal crack in the concrete layer. This phenomenon further aggravated the drop of load from 46.27 kN to 40 kN.
For beams failing in shear-interface debonding, sev- In fact, the whole debonding process can be separated into several phases of interface crack extension, and the load drop always corresponded to each extension of the interface crack. During every phase of propagation, the interface crack width gradually increased whereas its length remained almost unchanged, and the applied load further rose to the next peak again. In other words, stable development was presented temporarily for every interface crack extension although the interface debonding showed unstable and brittle behavior. Table 2 summarizes the experimental results of the tested beams. As shown in Table 2 , the yielding load of A series beams increased with the depth of UHTCC, with 23% and 33% enhancement for beam A-U1.8 and A-U3.6 compared with beam A-U0. It is apparent that the enhancement of yielding load gradually diminished with the depth increase of UHTCC. This is because the increase in UHTCC thickness resulted in the rise of the neutral axis and the decrease in moment arm from the resultant tensile force to resultant compressive force. However, the ultimate load of A series beams was by and large at the same level. After the fracture of UHTCC due to the locally propagated flexural cracks through UHTCC and concrete layers, the tensile stress in the cross section was only carried by the reinforcement member. In this case, the stress state in the RC/UHTCC beam was similar to that of the RC beam, and thus a close ultimate load level was obtained.
As shown in Table 2 , for beam A-U1.8 failing in flexure, the ductility index was high, up to 18.76 far larger than 8.71 of beam A-U0, whereas beam A-U3.6 failing in flexure-shear had a ductility of only 4.94, which falls within the range of available ductility in seismic design (Shuaib and Ray 1991) . However, in the case of other RC/UHTCC beams, no flexural ductility was shown because of the final failure prior to the yielding of longitudinal rebar. Therefore, the failure mode had an apparent influence on the ductility of the structural member. Thus it is necessary to ensure a reliable bond between UHTCC and concrete to make full use of the tensile and deformation capacity of UHTCC and to improve the ductility and load carrying capacity of RC members.
Crack pattern in UHTCC layer
For RC/UHTCC beams failing in flexure and flexure-shear, the local wide crack in the concrete layer can be dispersed into multiple fine cracks in the UHTCC layer. Figure 5 shows the comparison between crack patterns of beams A-U3.6 and A-U0 at yielding of reinforcement. It is clear that three cracks in the concrete layer were transformed into 9-12 fine cracks. In the meanwhile, the crack spacing in the concrete part decreased from about 143 mm in beam A-U0 to 77 mm in beam A-U3.6. At the yielding of reinforcement, the crack width on the longitudinal rebar location in beams A-U1.8 and A-U3.6 was lower than 0.06 mm, whereas beam A-U0 had a large crack width of up to 0.4 mm. In addition, the concrete layer showed a crack width lower than 0.2 mm at the concrete/UHTCC interface, in accordance with the crack width limit of durability design in a normal environment. Based on the above, the use of UHTCC in the tension zone, as a substitute for the brittle concrete locally, can improve the crack controlling capacity of structural members, which is an effective measure for durability enhancement of RC members.
For A series RC/UHTCC beams, with the increase in flexural deformation after the yielding of reinforcement, the number of crack increased apparently whereas the crack width remained below 0.1 mm. Figure 6 presents the crack pattern of beams A-U1.8 and A-U3.6 before the formation of principal flexural crack. An apparent multi-cracking mode is observed in the UHTCC layer and the wide crack in concrete has turned into many tight cracks. The comparison of crack patterns in beams A-U1.8 and A-U3.6 indicated that the thicker UHTCC layer was more helpful for the dispersion of macro-cracks into multiple micro-cracks. Therefore, the depth of the UHTCC layer can be determined rationally Note: "-" denotes data unavailable.
through the comprehensive consideration of design aims in terms of crack control and structure strengthening.
Interface debonding behavior
The interface debonding was shown for the tested RC/UHTCC beams A-U3.6, B-U1.8, B-U3.6, C-U1.8, and C-U3.6. According to different load-deflection behaviors, it can be further subdivided into interface debonding before and after the yielding of reinforcement. The former is due mainly to an increasing interface bonding requirement with the applied load beyond the interface bonding strength between UHTCC and concrete, whereas the latter may arise from the decreasing bonding strength when the elastic modulus of reinforcement reduced after yielding, as indicated by Zhang et al. (2011) . Figure 7 shows the crack pattern at ultimate failure for beams presenting interface debonding. The interface crack propagated at the concrete/UHTCC interface rather than in the concrete or UHTCC layer. The concrete layer was covered with a thin layer of mortar when subjected to vibration compaction. In addition, at the concrete/UHTCC interface, the reinforcing fiber in UHTCC almost distributed in parallel to the UHTCC/concrete interface due to the different material characteristics of UHTCC and concrete. Consequently, the concrete/UHTCC interface bonding is dependent on the chemical bonding and physical friction between the mortar layer above the concrete and the cementitious matrix of UHTCC. This bonding strength is lower than the shear strength of concrete and UHTCC due to the loss of the aggregate interlocking and fiber bridging action. And thus, the concrete/UHTCC interface becomes a weak transition face from concrete to UHTCC. In contrast, FRCM (fiber reinforced cementitious mortar) strengthening system showed several types of interface crack propagation modes due to different debonding mechanisms, including the interface debonding within the cementitious matrix, at the fiber mesh and cementitious matrix interface, at the concrete/matrix interface, and in the supporting concrete (Ortlepp et al. 2006; D'Ambrisi et al. 2012; Tran et al. 2014) .
In the case of beam A-U3.6, the interface crack extended about 120 mm without penetrating the whole shear span zone. In contrast, the crack pattern of beams failing in shear-interface debonding (in Fig. 7(b) to (e)) indicated that the debonding failure resulted from an accumulated interface crack up to the support rather than initial interface cracking. The interface crack alternately propagated in the left and right shear span zones until it reached the support. This is because the bonding length between UHTCC and concrete is long enough to obtain a progressive debonding mode.
An interesting phenomenon is that, as shown in Fig. 7 , many diagonal cracks in the UHTCC layer appeared at the tip of the interface crack during every phase of propagation, especially for the beams with UHTCC of 3.6 times cover depth. Besides, no apparent multi-cracking behavior in flexure was shown in the UHTCC layer for these beams, due to the interface debonding occurring prior to the yielding of reinforcement.
For RC/UHTCC beams, two types of interface are used for stress transfer: one between UHTCC and concrete, and the other between rebar and UHTCC. The stress is first transferred to the UHTCC layer with reinforcement through the UHTCC/concrete interface, and is further transferred to the steel bar through the rebar/UHTCC interface. Note that UHTCC deformed compatibly with reinforcement due to the tensile strain-hardening characteristic and prominent crack control capacity (Li 2003) . No stress concentration occurred on the reinforcement at the intersection with diagonal cracks, which ensured the interface bond between UHTCC and reinforcement and eliminated the splitting crack along the reinforcement. However, concrete with tensile strain-softening behavior cannot carry tensile stress after cracking. The stress concentration at the interface between concrete and UHTCC occurred due to the noncontinuous stress distribution from the UHTCC layer to concrete layer. When the concentrated stress cumulated to reach the interface cracking strength, local interface debonding between concrete and UHTCC took place from the interaction point of outmost flexural-shear diagonal crack in the concrete layer with the interface. Therefore, provision of a quantity of transverse stirrup is suggested to carry part of the shear stress in order to avoid premature interface debonding between concrete and UHTCC.
It is noted that the interface debonding mode in the RC/UHTCC composite beams differed from that in the overlay-strengthening RC beams. The study by Zhang et al. (2011) indicated that the PCM (polymer cement mortar) overlay-strengthening beams showed end debonding and intermediate crack debonding. End debonding was avoided as a result of the confinement of the support reaction force applied on the bottom of RC/UHTCC beams. However, the intermediate crack debonding that occurred in the present tests had a different mechanism compared with that in PCM overlay-strengthening beams. PCM overlay-strengthening beams generally showed a debonding crack between adjacent central cracks. In contrast, the interface debonding in RC/UHTCC beams propagated from the outmost flexural-shear diagonal crack in the concrete layer toward support points. Unlike the PCM strengthening layer, the cracked UHTCC layer can transfer the tensile stress at the crack locations. Stress concentration at the UHTCC/concrete interface corresponding to the crack locations is relatively large compared with that at the PCM/concrete interface. As a result, interface debonding developed easily from the intersection between outmost flexural crack and interface under local bonding stress and shear stress due to moment gradient. Figure 8 shows the mechanical model of intermediate crack debonding resulting from the difference in tensile force of the UHTCC layer between two adjacent cross sections. Based on the unbalanced tensile force in the UHTCC layer, the average interface shear stress τ can be obtained by
Analysis of interface bonding strength
where ΔT is the unbalanced tensile force in the UHTCC layer between adjacent cross sections; b is the width of UHTCC layer; and dx is the spacing of adjacent cross sections.
It is noted that interface cracking strength τ cr corresponds to the interface shear stress at the initial interface cracking between UHTCC and concrete, whereas ultimate interface bonding strength τ u denotes the stress at the interface debonding failure. These two interface strengths can be computed when the corresponding parameters are substituted into Eq. (1). Firstly, for the RC/UHTCC beams, the interface crack propagated gradually from the intersection point between the interface and outmost flexural-shear crack in the concrete layer to the support. And thus, the initial interface debonding end point and support points can be considered as the location of the i section in Fig. 8 for the calculation of τ cr and τ u , respectively. In other words, parameter dx in Eq. (1) can be taken as the propagation length of the initial interface crack for interface cracking strength, and the half-span length approximately for ultimate interface debonding strength. Secondly, for beams subjected to a point load at mid-span, the flexural moment and shear force at the two end cross sections of the interface crack can be obtained based on the internal force distribution along the span shown in Fig. 9 . Afterward, based on the plane section assumption and internal force equilibrium, the difference of tensile force ΔT in the UHTCC layer between the two end sections of the interface crack can be calculated. Note that to account for the stress concentration during interface debonding, the tension contribution of concrete at the j section is ignored due to the formation of flexural-shear cracking while that at the i section needs to be considered.
In the internal force analysis of cross section for RC/UHTCC beams, the following constitutive model is used for the concrete, 
where E c is the elastic modulus of concrete, taken as E c =8900(f c ′)
1/3 (Rashid and Mansur 2005) ; f c ′ is the axial tensile strength, taken as 0.79f cu (Cheng et al. 2008) ; ε tcr is the cracking tensile strain, obtained by the ratio of concrete tensile strength f tcr to E c (f tcr /E c ), where f tcr is taken as 0.3f c (2/3) (fib 2010); ε c ′ is the compressive strain corresponding to peak compressive stress, taken as 0.002. For UHTCC, the tensile constitutive relation is simplified as a bilinear model based on tested tensile stress-strain curves
where E u1 is the elastic modulus of UHTCC, taken as 4.012(f cu ) 0.40 (Xu and Cai, 2010) ; E u2 is the slope of the second linear stage, which can be obtained by (f tu -f tc )/(ε tu -ε tc ). From the tested uniaxial tensile curve shown in Fig. 2 , (f tc , ε tc ) and (f tu , ε tu ) are taken as (3, 3/E u1 ), (4.2, 4.33%), respectively. For the reinforcing bar, an ideal elastic-plastic model shown in Eq. (4) 
where E s is the elastic modulus of reinforcement. With respect to the present tests, based on the calculation method presented above and related experimental data tested, the average interface cracking strength and ultimate interface bonding strength between concrete and UHTCC can be computed. Table 3 summarizes the parameters used and the calculated results. As listed in Table 3 , initial interface cracking location x d was about 158 mm to 208 mm distant from the mid-span point, and debonding length l d was about 63 mm to 130 mm. Further, the length of the first interface crack for beams with reinforcement ratio of 1.73% is about 63 to 97 mm, shorter than the 120 to 130 mm of the beams with 1% reinforcement ratio. This is probably due to the stronger confinement effect of the high reinforcement ratio on the interface slip between UHTCC and concrete.
Moreover, Table 3 also presents the tensile force difference ΔT cr and ΔT u at the interface cracking and ultimate interface debonding states, as well as the contribution of steel bar and UHTCC to ΔT cr , separately labeled as ΔT 1 and ΔT 2 . As listed in Table 3 , the interface cracking strength is about 1.44 to 1.98 MPa, and the beams with UHTCC of 3.6 times cover depth has τ cr strength 0.2 to 0.34 MPa higher than that of the beams with 1.8 times cover thickness UHTCC. This phenomenon seems to be explained from the stress distribution in the inclined section and the upper concrete part after the flexural-shear diagonal crack formed in the concrete layer. Figure 10 shows the corresponding stress distribution in the case of the C series RC/UHTCC beams. Figure 10(a) presents that the shear stress on the inclined section is carried by both the upper layer of concrete and lower UHTCC and the tensile stress is carried by the reinforcement and UHTCC. Fine interface bonding is the key factor to ensure stress transfer from the concrete layer to the UHTCC layer. Intersection point A between the outmost flexural-shear crack and interface, as shown in Fig. 10 , can be considered as a potential interface cracking location, where the interface shear stress and the additional flexural moment are both applied. As shown in Fig. 10(b) , the additional flexural moment mainly lies in compression and shear stress in the compressive zone, the aggregate interlock stress, and the normal stress along the interface. It is noted that all the beams with different depth of UHTCC have a long arm from the compressive stress in the compression zone to point A. Moreover, the shear stress of aggregate interlock in the concrete layer almost points to point A, which has a slight influence on the additional flexural moment. Besides, the normal stress along the interface is ignorable due to the beam member type in the present study. Therefore, the stress in the compression zone plays a key role for the additional flexural moment at point A. Further, the beams with 1.8 times cover depth UHTCC have a larger arm to point A than beams with 3.6 times cover depth UHTCC, and thus the former is expected to be subjected to a larger additional flexural moment than the latter. This is a fact although the current analysis of interface cracking strength do not account for the influence of additional moment for a simplification analysis. This may be why the calculated interface cracking strength is smaller for beams with 1.8 times cover depth of UHTCC.
It is further found that C series RC/UHTCC beams show 0.2 to 0.34 MPa larger interface cracking strength than B series beams with the same UHTCC depth although these two series of beams both failed in shear-interface debonding mode. This phenomenon can be attributed to the following two aspects. On the one hand, the UHTCC layer with larger reinforcement ratio shows larger tension stiffness, resulting in a stronger restriction on the relative interface deformation between UHTCC and concrete. Therefore, interface cracking may take place only if the concrete/UHTCC interface is sub- Table 3 Calculation parameters and results of the UHTCC/concrete interface strength. jected to higher interface shear stress for C series beams. On the other hand, although the hot-casting construction technique was used for all the RC/UHTCC beams, the time interval between the casting of concrete and UHTCC was different, with about 35 mins for the B series and 75 mins for the C series beams. As a result, part of the superfluous mixture water evaporated for the C series beams and the concrete previously cast in mold became more viscous, which is helpful for obtaining a finer interface bond between concrete and UHTCC.
As shown in Table 3 , it is found that the ultimate interface bonding strength of B series RC/UHTCC beams ranges from 1.51 MPa to 1.84 MPa whereas C series beam has a corresponding strength of 1.96 to 2.80 MPa. Further, the ratio of the ultimate interface bonding strength to the interface cracking strength shows 1.05, 1.12, 1.20 and 1.41 for beams B-U1.8, B-U3.6, C-U1.8 and C-U3.6, respectively. In other words, with the increase in UHTCC depth and reinforcement ratio, the increase in ultimate interface bonding strength becomes larger and larger. This phenomenon seems to be accounted for by reasons similar to those for the change of the interface cracking strength of different RC/UHTCC beams. Compared with beams with 3.6 times cover depth UHTCC, beams with 1.8 times cover depth UHTCC have larger additional flexural moment at the end of interface crack, resulting in faster development of interface debonding and thus lower ultimate interface bonding strength. Moreover, the UHCCC layer of C series beams with higher reinforcement ratio has a stronger restriction on the interface deformation, leading to a higher interface shear stress requirement for interface crack propagation. Furthermore, a better interface may be obtained due to the longer interval between the pouring of concrete and UHTCC. In addition, the beam width of 120 mm for C series beams may transfer the interface shear stress more reliably and the distribution of interface shear stress becomes more even. Accordingly, the ultimate bonding strength of C series RC/UHTCC beams is improved to a certain degree. Table 3 indicates that the contribution of reinforcement (ΔT 1 ) to ΔT cr is far larger than that of UHTCC (ΔT 2 ). That is, the steel bar in the UHTCC layer plays a major role in the interface debonding between concrete and UHTCC. It is deduced that if UHTCC is merely used as the cover of reinforcement for improving the durability of RC beams, the interface shear stress is expected to be lower than the interface cracking strength and debonding between UHTCC and concrete may be avoided. The study conducted by Kim et al. (2007) indicated that the use of UHTCC with the cover thickness in RC beams improved the crack pattern in the tension zone effectively, and no interface cracking was observed. However, if the load carrying capacity and durability are both the objectives of the use of UHTCC, it is necessary to provide a certain quantity of web reinforcement to enhance the interface shear capacity between UHTCC and concrete to ensure reliable interface bond and ductile flexure failure mode.
In the case of the hot-casting RC/UHTCC beams tested in a previous study , no interface debonding between UHTCC and concrete was presented, probably due to the lower interface shear stress under a large shear-span ratio. It is assumed that the debonding may have occurred in previous tested RC/UHTCC beams and that the location and length of interface cracking are close to those presented in the current tests. According to the tested experimental data in the present study, the interface cracking location and corresponding propagation length are simply taken as the h distance from mid-span (the mean of about 180 mm in the present tests), and 2d/3 (the mean of about 100 mm in the present tests), respectively. Based on these points, the interface shear stress at the ultimate loading state can be obtained from Eq. (1) for beams UHTCC 50 and UHTCC 35 in the study by . The parameters of these two typical beams and corresponding computed results are listed in Table 4 . It is found that the calculated interface shear stress at the ultimate loading state is merely 1.14 MPa and 1.04 MPa for beams UHTCC50 and UHTCC35, respectively, both lower than the tested minimum interface cracking strength of 1.44 MPa in the present study. Therefore, interface cracking between UHTCC and concrete was avoided in these two types of beams.
It needs to be pointed out that no comparative experimental investigation on the interface behavior of post-casting UHTCC and old concrete was performed in the present tests. However, such comparative investigation is still needed to make a simple comparison between the interface bonding properties of hot-casting and post-casting RC/UHTCC beams based on the previous study carried by Kim et al. (2007) . The study by Kim et al. (2007) indicated that post-casting RC/UHTCC beams with twice cover depth of UHTCC in the tension zone and longitudinal reinforcement ratio of 2.35% showed an interface debonding failure. The interface shear stress can be computed based on the same assumption and calculation method used for previous beams UHTCC50 Table 4 Parameters and computed results of typical tests by and Kim et al. (2007) . Kim et al. (2007) ; f c = Compressive strength of concrete; f U = Compressive strength of UHTCC; t U = Thickness of UHTCC; P cr = Tested interface cracking load; P u = Tested ultimate load. and UHTCC35. The related parameters and calculation results are summarized in Table 4 . As shown in Table 4 , the interface cracking strength obtained is 1.19 MPa lower than the tested minimum strength of 1.44 MPa currently, whereas the ultimate interface bonding strength is 1.8 MPa, which is slightly higher than that of beam B-U1.8 but lower than that of other beams. Therefore, it seems that the interface bonding capacity of hot-casting UHTCC and concrete is superior to that of post-casting UHTCC and concrete for the study by Kim et al. (2007) . However, there are few studies on the interface properties of RC/UHTCC beams and they are not adequate to make a comprehensive comparison between the hot-casting and post-casting interfaces. Therefore, for providing a design reference for engineering application, it is necessary to investigate the properties of the UHTCC/concrete interface with different casting types and interface characteristics.
Conclusions
This paper presented a flexural experimental study on RC/UHTCC composite beams. The effect of longitudinal reinforcement ratio and the depth of UHTCC on the flexural behavior of composite beams and interface behaviors between UHTCC and concrete were investigated. From the experimental results and theoretical analysis, the following conclusions can be drawn:
(1) For beams with reinforcement ratio of 0.67%, the use of UHTCC in tension zone greatly enhanced the yielding load, whereas the rate of enhancement became slow with increases in the depth of UHTCC. However, the ultimate load capacity was almost comparable between RC beams and RC/UHTCC beams with the UHTCC layer below 3.6 times cover depth. That was mainly due to the fracture of the UHTCC layer resulting from the locally propagated flexural cracks through the whole depth of the UHTCC layer. (2) The use of UHTCC in the tension zone as a replacement of concrete can transform the local macro-crack in concrete into multiple tight cracks in UHTCC. The crack width at the location of reinforcement was limited to be below 0.06 mm up to the yielding of reinforcement, satisfying the crack width requirement in harsh environments. (3) For beams with reinforcement ratio above 1%, the use of UHTCC in the tension zone transformed the flexure-shear or shear failure into shear-interface debonding failure. The deformation compatibility between UHTCC and reinforcement ensured the interface bond between them. The stress concentration at the interface between UHTCC and concrete due to the flexural-shear diagonal crack in concrete resulted in interface cracking and final debonding. Provision of a certain quantity of transverse reinforcement is required to improve the interface bond strength to make full use of the tension and crack control capacity of UHTCC. (4) After interface cracking, the interface crack alternately propagated in the left and right shear span zones until it reached the support. The multiple diagonal fine cracks appeared in the UHTCC layer at every extension end of the interface crack. Both the interface crack extending to the support and the crush of concrete under loading point are responsible for shear-interface debonding failure. (5) Both the interface cracking strength and the ultimate bonding strength are dependent on the UHTCC depth and reinforcement ratio. With the increase of UHTCC thickness in the tension zone, the interface cracking strength and the ultimate interface bonding strength decreased due to the smaller additional flexural moment on the potential interface debonding point. Also, the higher reinforcement ratio of C series beams results in larger interface strength owing to the stronger restriction of the UHTCC layer with high reinforcement ratio on interface deformation. (6) Compared to UHTCC in the tension zone, the tensile stress difference of reinforcing bar in the UHTCC layer plays a controlling role in interface debonding between concrete and UHTCC.
